Surface Diffusion of Individual Atoms and Dimers: Re on W(211) by Stolt, Kaj et al.
REPORT R-731 JU N E ,1976 Ul LU-ENG 76-2219
COORDINATED SCIENCE LABORATORY
SURFACE DIFFUSION 
OF INDIVIDUAL ATOMS 
A N D  DIMERS:
Re ON  W(21l)
KAJ STOLT 
WILLIAM R. GRAHAM 
GERT EHRLICH
APPROVED FOR PUBLIC RELEASE. DISTRIBUTION UNLIMITED.
UNIVERSITY OF ILLINOIS -  URBANA, ILLINOIS
UNCLASSIFIED
S E C U R I T Y  C L A S S I F I C A T I O N  O F  t h i s  P A G E  (When Data Entered)
REPORT DOCUMENTATION PAGE R E A D  IN S T R U C T IO N S  B E F O R E  C O M P L E T IN G  FO R M
1. R E P O R T  N U M B E R 2. G O V T  A C C E S S I O N  NO. 3. R E C I P I E N T ’S C A T A L O G  N U M B E R
4. T I T L E  (and Subtitte)
SURFACE DIFFUSION OF INDIVIDUAL ATOMS AND 
DIMERS: Re on W(211)*
5. T Y P E  O F  R E P O R T  & P E R I O D  C O V E R E D
Technical Report
6. P E R F O R M I N G  O R G .  R E P O R T  N U M B E R
R-731; UILU-ENG 76-2219
7. A U T H O R / « ;
Kaj Stolt, William R. Graham and 
Gert Ehrlich
8. C O N T R A C T  O R  G R A N T  N U M B E R / « ;
NSF DMR 72-02937; 
DAAB-07-72-C-0259
9. P E R F O R M I N G  O R G A N I Z A T I O N  N A M E  A N D  A D D R E S S
Coordinated Science Laboratory 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 61801
10. P R O G R A M  E L E M E N T ,  P R O J E C T ,  T A S K  
A R E A  & W O R K  U N IT  N U M B E R S
11. C O N T R O L L I N G  O F F I C E  N A M E  A N D  A D D R E S S
Joint Services Electronics Program 
U. S. Army Electronics Command
12. R E P O R T  D A T E
June, 1976
13. N U M B E R  O F  P A G E S
38
14. M O N IT O R I N G  A G E N C Y  N A M E  & A D D R E S S / / /  different from Controlling  O ffice) 15. S E C U R I T Y  C L A S S ,  (of this report)
UNCLASSIFIED
15«. D E C L A S S I  FI C A T IO N / D O W N  G R A D IN  G 
S C H E D U L E
16. D I S T R I B U T I O N  S T A T E M E N T  (of thia Report)
Approved for public release; distribution unlimited.
17. D I S T R I B U T I O N  S T A T E M E N T  (of the abstract entered in B lo c k  20, if different from Report)
18. S U P P L E M E N T A R Y  N O T E S
19. K E Y  W O R D S  (Continue on reverse side if necessary  and identify by b lock number)
Surface Diffusion 
Atoms and Dimers
20. A B S T R A C T  (Continue on reverse side if necessary  and identify by b lock number)
Quantitative observations of diffusion on the W(211) have been made both for 
rhenium atoms and for rhenium dimers formed from atoms in* adjacent [111] 
channels, using the field ion microscope to reveal the surface.on the 
atomic level.
DD , j a n  ^73 1473 E D IT IO N  O F  I N O V  65 IS  O B S O L E T E
S E C U R I T Y  C L A S S I F I C A T I O N  O F  T H I S  P A G E  (When Da la  Entered)
S E C U R IT Y  C L A S S IF IC A T IO N  O F  T H IS  R A O E ftW fn  Dmtm Entered)
S E C U R IT Y  C L A S S IF IC A T IO N  O F  TH IS PAGE(H7i«n Dmtm Entered)
Report R-731 UILU-ENG 76-2219
SURFACE DIFFUSION OF INDIVIDUAL ATOMS 
AND DIMERS: Re on W(211)
by
Kaj Stolt, William R. Graham, and Gert Ehrlich
Supported by the National Science Foundation under Grant 
DMR 72-02937 and by the Joint Services Electronics Program 
(U. S. Army, U. S. Navy, and U. S. Air Force) under Contract 
DAAB-07-72-C-0259.
Reduction in whole or in part is permitted for any purpose 
of the United States Government.
Approved for public release. Distribution unlimited.
Surface Diffusion of Individual Atoms and Dimers: Re on W(211)*
Kaj Stolt , William R. Graham , and Gert Ehrlich 
Coordinated Science Laboratory and Department of Metallurgy 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 61801
Abstract
Quantitative observations of diffusion on the W(211)
have been made both for rhenium atoms and for rhenium
dimers formed from atoms in adjacent [ill] channels,
using the field ion microscope to reveal the surface on
the atomic level. From measurements of the dispersion of
individual atomic displacements over the range
290 ^ T ^ 350°K, the diffusion parameters for Re atoms
+1 -3 2 -1are found as D q = 2.2(X 2.8— ) X 10 cm sec and 
$ -1AE = 19.8 + .7 kcal mole . The distribution of dis- m —
tances covered during a diffusion interval has also been 
observed; it conforms to the expectations for a randomized
random walk. The diffusion coefficient of dimers is
obtained from observations of center of mass motion,
rather than of the individual atomic displacements.
For Re^ such an analysis over the range 260 ^ T ^ 350°K
+1 -4yields the diffusion parameters Dq = 4.5(X 1.7— ) X 10
cm sec and (AE = 18.0 + .3 kcal mole . RheniumCM —
dimers are found in either a straight or a staggered 
state, with the latter favored. It is demonstrated 
that the dimers diffuse by making one jump at a time, 
in a two step process in which the straight configura­
tion converts to the staggered at a rate a, and the 
staggered reverts to the straight at the rate b. 
Quantitative observations of the frequency of occur­
rence for the two states as a function of temperature, 
combined with diffusion measurements, yield
v = 1.1(X 2-1) X 1012 sec“1, AE* = 17.5 + .4 kcal mole“ a a —
and v = 2.5(X 1.7-1) X 1012 sec"1, AE* = 18.3 + .3 kcal b b —
mole 1. Measurements at temperatures T ~  350°K indi­
cate occasional dimer dissociation, suggesting that 
interactions between rhenium atoms on the W(211) are 
small, on the order of van der Waals forces. Neverthe­
less, comparison with previous work on iridium dimers 
reveals a pronounced chemical specificity.
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1During the last decade, the behavior of individual atoms on well defined 
crystal planes has become directly accessible to observation through the 
routine application of the field ion microscope. Much interesting informa­
tion has already been developed in this way.^ More recently, preliminary 
2-4reports on the motion of atom clusters, observed on tungsten surfaces by 
field ion microscopy, suggest that information about the range and strength 
of atomic forces can be obtained by examining the migration of an adatom as 
affected by interactions with other adatoms on the surface.
In this, the first in a series of papers, we present quantitative 
diffusion studies carried out on the (211) of a tungsten crystal. As 
illustrated in Fig. 1, this is a very simple plane, made up of close-packed 
rows running in the [111] direction; diffusion of atoms is confined entirely 
to one dimension by these channels. Our work is concentrated on the behavior 
of single rhenium atoms and rhenium dimers, formed by association of atoms 
in adjacent diffusion channels. The aim is threefold:
1. ) to provide quantitative information on the diffusion of single atoms on
a channeled plane of the body-centered cubic lattice, for comparison with
earlier measurements of one-dimensional motion on a face-centered cubic 
5crystal, rhodium;
2. ) to examine the atomic processes important in the surface diffusion of 
dimers, and
3. ) to explore the interactions between atoms adsorbed on the surface, as 
they affect the energetics as well as the dynamics of motion.
A stochastic interpretation of dimer motion has already been presented.^ The 
emphasis of this report will be on experimental studies to define both the 
equilibrium properties and diffusion behavior of rhenium dimers confined
to one-dimensional channels.
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Figure 1. Hard-sphere model of (211) plane. Outermost layer of atoms 
shown in dark grey, second layer in light grey, third layer 
in white. The atomic spacing along the close-packed [111] 
serves as the unit of length throughout this paper. For W, 
this is 2.74 A; the [111] channels themselves are separated
o
by 4.48 A. in this and all subsequent figures showing the 
(211), the (111) is always to the left.
2I. EXPERIMENTAL PROCEDURES
To obtain information on atomic diffusion over a surface, we 
require data on (((Ar ) )), the dispersion of the displacements executed 
by one atom during a time interval t, averaged over all starting posi­
tions. This is derived by observing the atom before and after migration 
at a high temperature. During diffusion no fields are applied to the 
surface, so that motion occurs in an ordinary thermal environment. The 
positions of the atom are determined by field ion microscopy,^ with the 
surface at a low temperature, to prevent motion during imaging. Many of 
the techniques required for such studies have been set out before;“* 
here we emphasize only selected aspects of the experimental procedures.
A. Equipment
g
The field ion microscope used for this work is equipped with a 
channel plate image intensifier, and mounted on an all glass ultrahigh 
vacuum system evacuated by a mercury diffusion pump. Samples were prepared 
by electropolishing in 2N NaOH, starting with [21l] oriented single-crystal 
tungsten wire (Field Electron and Ion Source Co., McMinnville, Oregon). 
These were spot-welded onto .007"-diameter tungsten hairpins, provided with 
.003M-potential leads close to the sample, and in turn fixed to heavy 
tungsten pins in the central coldfinger of the microscope. For field ion 
microscopy, the sample is cooled using direct transfer of liquid helium 
to the sample mount. To insure a constant temperature of the mount, 
the flow of helium is automatically adjusted by a controller responding 
to voltage changes in a carbon resistor in close proximity to the 
mounting leads.
3An overall view of a [21l] oriented tungsten surface obtained in 
this way is shown in Fig. 2. Rhenium atoms are deposited upon this by 
evaporation from a resistively heated filament, 5 cm away from the sample. 
This generally gives adatoms randomly distributed over the (211) plane, as 
is evident in Fig. 2(c). The desired configuration, such as the dimer in 
2(d), is usually achieved by field evaporation of extraneous atoms, some­
times assisted by judicious heating to bring undesirable atoms to the edge 
of the plane, where stripping is more easily controlled.
For diffusion, the temperature of the hairpin is raised using another
qcontroller, shown schematically in Fig. 3. In this, the unbalance of a 
Kelvin double bridge controls the current to bring the resistance of the 
central section of the hairpin, where the sample is fixed, to a preset 
value.
B. Vacuum Techniques
The standards of cleanliness for meaningful diffusion measurements 
are considerably higher than for the usual observations in the field ion 
microscope. To achieve these, the vacuum system and field ion microscope 
are processed according to standard ultrahigh vacuum procedures, involving 
repeated bake-outs at 320°C, the temperature limit set by the presence of 
the channel plate. This, together with extended outgassing of the specimen 
loop, evaporator, and channel plate brings the pressure in the system to 
the X-ray limit of the Bayard-Alpert gauges, prior to any cooling of the 
field ion microscope. Cleanliness of the system is checked in different 
ways. Heating the evaporator to just below the evaporation temperature
(c) (d)
Figure 2. Deposition of rhenium atoms on W(211).
(a) Overall view of [21l] oriented tungsten emitter with 
prominent planes indexed.
(b) Clean surface prepared by field evaporation at T < 20°K.
(c) Re atoms condensed on emitter at ~  20°K after evaporation 
from resistively heated source. Three atoms have settled 
on (211) plane.
(d) Emitter has been warmed briefly to ~  300°K, moving lowest 
Re to the edge of the (211), where it has been stripped by 
field evaporation at «  20°K. The remaining two atoms have
combined into a dimer.
Figure 3 Schematic of Kelvin bridge circuit to control temperature of 
sample support loop.
\
4must neither raise the pressure nor change the field emission characteristics
of the sample. The voltage required to maintain a field emission current
.9
of 5 X 10 amps must remain constant to within .05%, both with the field ion 
microscope at room temperature for more than one hour, and upon heating the 
specimen 50° above the highest temperature to be used for diffusion.
Processing of the system is continued until these criteria"^ are 
met. After diffusion experiments have been started, occasional checks of 
the field emission characteristics are made to verify that these standards 
continue to be satisfied. Once atoms are deposited on the surface, measure­
ments are limited to ~  40 diffusion intervals to avoid buildup of impurities, 
which over long periods of time is inevitable even when the partial pressure 
of reactive gases is well below 10 mm. The atoms, together with several 
layers of the substrate, are thereafter stripped off by field evaporation. 
Measurements are then continued on newly evaporated atoms.
C. Temperature Measurements
The sample is brought to the diffusion temperature by switching 
on the controller after disconnecting the tip as well as the channel 
plate voltages. The preset temperature is reached in ~  10 sec; this 
long rise time is chosen to minimize overshoot. At the end of a 
diffusion interval, typically one minute at all but the highest and 
lowest diffusion temperatures, tip heating is interrupted. Continued 
monitoring of the support temperature reveals that temperatures below 
50 K are reached in a few seconds. The high field necessary for 
imaging is only applied 20 seconds or more after heating has been 
stopped, to avoid perturbations of the surface.
5The tip controller maintains a preset value of the resistance at 
the center of the support loop. This can readily be converted to an average 
temperature of that part of the loop sampled in the measurements. Because 
of temperature gradients in the loop as well as along the tip shank, special 
care must still be taken to relate the actual temperature at the tip to that 
of the support. Such a calibration can be conveniently done taking advantage 
of the fact that the rate of field evaporation^ is sensitive to the temperature 
at the very tip of the sample. It proceeds as follows:
With the entire microscope at room temperature and thoroughly equi­
librated (over a period of hours), the high voltage is applied to the 
sample. This is set to produce field evaporation of the central plane, 
typically at a rate of one layer in 5-10 seconds. The time increment for 
the disappearance of consecutive layers is then recorded, as in Fig. 4, to 
provide a reference curve at a well defined temperature. Another sequence 
is initiated at a slightly higher voltage; once 5-6 layers have been removed, 
however, the sample is cooled by transferring gas from the liquid helium 
Dewar. Evaporation ceases, of course, as the tip temperature drops. The 
support loop is then heated to a preset value of its resistance, and the 
evaporation of further layers is noted. For the example in Fig. 4, the 
initial choice was already close to the correct value. In any event, 
adjustment of the loop resistance is continued until evaporation before 
and after cooling follows the reference curve; the resistance of the 
support loop then corresponds to room temperature for the tip. The ability 
to reproduce field evaporation rates limits the accuracy of this overall 
procedure to «  1°.
Figure 4. Temperature calibration of [21l] oriented W emitter by field
evaporation measurements. The reference curve,O, establishes 
field evaporation characteristics for emitter at a well defined 
temperature. A second evaporation curve, A, is then started. 
Arrow indicates interruption of field evaporation by addition 
of liquid helium to sample mount. Support loop is then heated, 
V, until field evaporation curve again follows trends of the
reference curve.
6The average value of the loop temperature typically differs by one 
or two degrees from the tip temperature determined in this way. The 
exact difference depends upon the placement of the potential leads and 
must therefore be measured for each sample. Inasmuch as all diffusion 
studies have been made in the vicinity of room temperature, a simple 
additive correction to the loop temperature suffices to give the tip 
temperature. This has also been checked by calibration of one support 
loop at both 200° and 300°K.
D. Data Collection and Analysis
The change in the location of an atom during a heating interval is 
determined by field ion microscopy once the sample is at ~  20°K.
Imaging is done with helium, maintained in the system at a pressure 
of 10”^ mm by a Vycor leak (K & B Glass Apparatus Co., Schenectady,
N. Y.). Using the channel plate intensifier built into the microscope, 
exposures of ~  5 seconds at f/2.8 suffice to obtain good images of tungsten 
on high-speed Ektachrome. Although this is slower than black and white 
film, it provides transparencies with hardly any grain, immediately 
suitable for analysis by the color superposition technique.^
Three different problems are associated with measuring the dispersion 
of the displacements executed during an interval t. They are examined in 
order of decreasing difficulty.
71. Absolute Distance Measurements
The magnification of a field ion micrograph varies from one point 
to another. Even on a simple plane like the (211) of tungsten 
for which the lateral spacing of the channels can be observed directly, the 
magnification along the close-packed rows varies. In order to establish a 
reproducible distance calibration, we have therefore assumed that adatoms 
on the (211) plane always occupy sites separated from one another by the 
bulk spacing along the [111]--2.74 A. Granting this assumption, the location 
of adatoms observed in a diffusion experiment automatically defines the 
distance scale for the particular plane studied. After a diffusion run, 
the micrographs are sorted according to the location of the atoms, regard­
less of chronology. Provided the number of determinations is large enough, 
comparisons between the micrographs then provide a map of the binding sites.
This technique is illustrated in Fig. 5. Micrographs (a), (b), and (c) 
show an atom in three distinct positions on the (211). The location of (b) 
relative to (a), (c) relative to (a), and (c) relative to (b) is revealed 
by superposing pairs, as in (d), (e), and (f); (d) and (f) indicate the 
closest positions in which an atom is ever found. In contrast, coincidence 
is exact if the positions in the superposed micrographs are the same. It 
follows that the sites in (a), (b), and (c) are separated from each other 
by a single jump distance.
With the mapping done, examination of the pictures in chronological 
order makes possible an unequivocal assignment of adatom displacements, 
which are stored in a computer for later processing. It must be emphasized
Figure 5. Mapping of atom positions on a [ill] channel. (a) (b) (c)
Re adatom in three different locations in the same channel.
\
(d) Superposition of (a) and (b) establishes that positions 
were separated by one jump length. Images of atoms have been 
outlined to compensate for loss of contrast in printing. (e) 
Superposition of (a) and (c), to show that in these shots 
atomic positions are separated by 2 jump lengths. (f) Super­
position of (b) and (c), confirming that only one jump distance 
separates positions in these two shots. Separations smaller 
than in (d) or (f) are never found without exact coincidence.
8that this procedure is based on the assumption that atoms always occupy 
sites with a fixed spacing. Once we grant this, reproducible results are 
obtained in completely independent analyses of the data. It must also be 
stressed that our experiments provide no direct indication of the precise 
sites at which the adatoms are actually held. In the hard sphere models, 
we show adatoms at the normal lattice sites of the (211). This is done for 
simplicity's sake only, and our results are in no way dependent upon this 
particular choice.
2. Boundary Effects
The planes on which atomic displacements are observed are finite, 
with diffusion channels typically made up of & 25 binding sites. After a 
sufficiently large number of displacements, an atom will therefore interact 
with the edges of the plane. This, of course, changes the nature of the
Orandom walk. For a random walk on an infinite line, ((Ar ) ), the dispersion 
of the displacements R, is related to the diffusion coefficient D by
<(AR)2> = <(R - R)2) = M 2 = 2Dt; (1)
N is the average number of jumps during a diffusion interval of length t, 
and i  is the root mean square jump length. However, if diffusion occurs 
along a finite line, reflection or absorption of the migrating particle 
at the boundary alters the relation between ((Ar ) ) and the diffusion 
coefficient. The dispersion of the displacements becomes a function 
of the starting point; it therefore proves convenient to average over all
9O
accessible positions, assumed equally probable, to obtain (((AR) )). This
quantity then yields Dt, or equivalently the number of jumps N, using the
. 11 approximation
<<(AR)2>> «  N42 [l - 4(2NJe2/TT)^/3d] , (2)
where d denotes the length of the diffusion channel.
The importance of the edge correction, as well as the errors inherent
in relation (2), increase as N rises compared to d/£. With only a few
exceptions, our measurements have been limited to N < 5 d/4. The validity
of the approximate boundary correction, Eq. (2), has been carefully 
12tested for this range of N, both by comparison with the exact relation 
2
between (((AR) )) and the number of jumps N, and by Monte Carlo simulations. 
From these comparisons it appears that the exact nature of the boundaries 
does affect the correction. For channels typical of our experiments, 
diffusion between reflecting barriers is described by Eq. (2) to within 1% 
when the number of jumps N is as large as 6 d/ l . Equation (2) is not as 
accurate when the edges are absorbing; however, it deviates from the 
exact results by less than 4% up to N = 4 df l . When one of the walls is 
absorbing, the other reflecting, the diffusion coefficient can be deduced 
from Eq. (2) to better than 1% out to N = 4 d/4, provided ((r 2)), the 
mean square distance covered during an interval t, is substituted for 
(((Ar ) )). All these errors are negligible compared to the statistical 
scatter of the data. As long as starting positions are uniformly 
distributed over a channel with uniform properties, edge corrections are 
therefore never a problem.
10
In a real diffusion experiment, however, atomic motion may differ in 
at least two ways from the idealized model for which exact calculations can 
be made* Interactions close to the boundaries of the plane may be unusual, 
and atomic behavior in the vicinity of the edges may not be the same as that 
in the center. In our experiments, a diffusion sequence is therefore 
terminated if adatoms are retained at an edge; subsequent diffusion intervals 
are disregarded until the adatom is again away from the influence of the 
boundary, if necessary dislodged by heating to a higher temperature. 
Furthermore, actual experiments are generally started by depositing atoms 
in the central half of the channel; during a run the uniform distribution 
postulated in the model estimates may therefore not be achieved, especially 
when the edges of the plane are absorbing. From Monte Carlo simulations12 
it appears that the estimates for the diffusion coefficient given by Eq. (2) 
are then uniformly low. It is therefore important to check that the adatoms 
do indeed become uniformly distributed during a run. If not, Monte Carlo 
simulations, rather than Eq. (2), can still be used to estimate boundary 
corrections. Such corrections therefore do not introduce serious 
difficulties.
3. Statistical Analysis
The dispersion of the displacements, the quantity we seek, is just 
the second moment (J^  of a population made up of all possible values of 
(R - R). We measure a sample moment m2, based on only M observations of 
the displacement.5 Estimates of the second moment of the population, as
11
well as of the variance of this moment, needed for an analysis of the 
statistical errors, are obtained from the standard relations13
/\ M
M-l m . (3)
var i M(M-2)(M-3)
(M2-3)
(M-l)2
(4)
m^ here denotes the fourth moment of the sample, which is determined, to­
gether with m2, by direct observation.
The diffusion coefficient is deduced from the value of <<(Ar )2)>, 
measured on channels of different lengths, ranging from 19 to 29 X, 
by using Eq. (2). Diffusion parameters are then derived from Arrhenius 
plots, with separate runs treated as independent determinations; the weight- 
ing factor for each separate run is given as usual by w = D /var D. In 
estimates of the errors, uncertainties in the temperature or in the determina­
tion of absolute distances have not been included. The standard deviations 
so derived serve primarily as an indicator of statistical consistency for 
data taken over a range of temperatures.
II. BEHAVIOR OF SINGLE Re ATOMS
A. Expectations
It was noted long ago1^ that motion over the (211) is one-dimensional, 
occurring entirely by jumps along close-packed [ill] rows. Diffusion 
on this plane is therefore of interest in its own right, as an especially 
simple example of an atomic jump process, as well as for later comparison 
with the properties of atomic clusters.
12
For 1-dimensional motion at temperature T, the diffusion coefficient15 
$D is related to Af , the free energy of activation for the atomic jumps, by
n kTD = ~  —  exp -
Af_m
kT * (5)
where k and h are Boltzmann's and Planck's constant, respectively. More
convenient for analysis of experimental results is the usual Arrhenius
*relation to the activation energy AEm ,
D = D exp - Ae /kT , o r m * ( 6 )
where the prefactor Dq is given by
Do v » (7)
and As^ is the entropy of activation for the jump process.
The diffusion coefficient is a measure of the second moment for the 
distribution of distances covered by an atom during a diffusion interval.
Our observations will focus upon this quantity, as the most direct indicator 
of the energetics of the jump process. However, the actual distribution of 
atomic displacements is also of interest. We assume that jumps occur at 
random moments, and with equal likelihood to either of the two nearest 
neighbor positions. The probability of finding an atom at position x on
an infinite line after a time interval t, having started at position z,
, , , , . , 11,16,17should be given by
v/z) = exp (-N) Ix_z(N), (8)
13
where N is the average number of jumps during that time interval and I 
is the modified Bessel function of the first kind, of order x-z. For 
large N, this randomized random walk distribution goes over smoothly into 
the Gaussian form, which alone is accessible under macroscopic observation. 
It remains to be demonstrated that Eq. (8) does in fact describe 
displacements in atomic diffusion.
B. Observations
The diffusion of a single rhenium atom over the (211) of tungsten is 
shown in Fig. 6. Between photographs, the surface is heated to 327°K for 
60 seconds. At first, the rhenium atom moves to the left. Thereafter it 
consistently displaces to the right until it encounters the edge of the 
plane, in 6(i). For rhenium adatoms, these encounters frequently termi­
nate the diffusion sequence, as the atom becomes caught at the boundary. 
This is quite different from the behavior of tungsten adatoms, which are 
reflected at the e d g e s . D e s p i t e  such captures, the distribution 
of adatoms over the positions accessible in a channel is fairly uniform, 
as indicated by the data in Table I. Although absorption makes the 
experiments more tedious, it has no important effect upon the analysis of 
the data, which proceeds just as for reflecting boundaries.
The averaged dispersion (((Ar ) )) has been determined at six 
temperatures, ranging from 290 to 351°K, with approximately 100 observa­
tions at each temperature. At the two highest temperatures the length of 
the diffusion interval was cut to 20 or 30 sec, from the normal 60 sec, 
to reduce encounters with the edges of the plane. At the lowest
to (111) to (100)
(g)
Figure 6. Motion of single Re adatom on W(211) at T - 327 K. Length of
diffusion interval, 60 sec. After initial movement to the left, in 
(b), atom steadily displaces to the right, until it is finally 
captured at the right edge of the [111] channel in (i).
Table I
Position Distribution for Single Re Atoms on W(211) at 339°K
Position Occupancy
1 3
2 2
3 4
4 4
5 4
6 1
7 4
8 1
9 5
10 5
11 3
12 4
13 7
14 5
15 3
16 3
17 2
18 4
19 7
14
temperature, the intervals were extended to 90 sec. Data so obtained are 
summarized in Table II, which also lists the average number of jumps at 
each temperature, as deduced from Eq. (2).
It should be noted that the mean displacements are small, and in 
general are within one standard deviation of zero. Although it is clear 
from the model in Fig. 1 that atomic movements to the left and to the right 
of a normal lattice site do not occur over equivalent paths, there is no 
indication of a favored diffusion direction in these experiments. The 
distribution of distances covered during three experiments is shown in 
Fig. 7. All were measured at low temperatures, for which N, the average 
number of jumps per diffusion interval, is small. Only jumps starting 
from the central one-half of the channel were counted, in order to eliminate 
edge effects. Because of the limited amount of data available, the scatter 
is large. Agreement with the expected randomized random walk distribution, 
as given by Eq. (8), is excellent. It is interesting, however, that even 
for these small values of N, the Gaussian approximation describes the 
distribution of distances quite well.
Diffusion coefficients are obtained from the measured values of the 
mean square displacements, using Eq. (2) to correct for the finite size of 
the planes under observation. This requires a knowledge of the channel 
length d, or equivalently of L, the number of accessible sites. Channel 
lengths are estimated by the same mapping procedures used to measure 
atomic displacements. However, there could be an uncertainty of 1-2 
jump distances in the value of d. For the planes in this study, this would 
introduce only a minor uncertainty in the diffusion coefficient, amounting
Table II
Diffusion of Single Re Atoms on W(211)*
T(°K) d <R> <<(AR)2>> N a(N)
t
(sec)
290 24 .2 .1 .7 .7 .2 90
303 27 .3 .3 1.8 1.8 .6 60
303 23 .4 .2 1.4 1.5 . 6 60
303 25 .3 .4 2.8 2.9 .9 60
303 19 -.5 .2 1.6 1.7 .6 60
315 24 .3 .4 6.3 7.0 1.5 60
315 25 .1 .5 6.6 7.2 2.0 60
315 20 -.3 .6 8.8 10.2 3.9 60
327 25 .8 .4 6.4 7.0 1.6 30
327 27 -.7 .7 13.3 15.2 3.0 60
339 27 .1 1.3 41.2 56.4 17.0 30
339 23 -.4 .9 22.7 29.3 9.2 30
339 20 -.2 .9 30.6 46.1 11.4 30
351 28 2.3 1.9 39.5 52.6 18.1 20
351 27 0 1.0 35.1 46.3 9.6 20
351 28 .5 1.1 48.6 68.3 17.8 20
351 23 -.6 2.3 71.3 145.2 63.3 30
351 25 1.8 2.0 78.5 152.0 62.0 30
351 24 -.6 1.4 39.5 57.2 13.5 30
351 23 .5 1.4 63.7 120.0 39.6 30
*A11 distances in units of the jump length A.
Figure 7. Distribution of distances covered during 1-dimensional diffusion 
of Re atoms. Black bars indicate expectations for randomized 
random walk, given by Eq. (8), grey bars the Gaussian 
approximation to this distribution.
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to less than 6% even at the highest temperatures, at which the edge cor­
rections constitute 20-40% of the total. It is thus apparent from Table II 
that the accuracy is really limited by the statistical scatter arising from 
the finite number of observations entering any determination of the mean 
square displacement.
The diffusion coefficient of single Re atoms on the (211) are shown
on an Arrhenius plot in Fig. 8. A least squares fit of the data yields
19 +1 -3 2 -1the diffusion parameters Dq = 2.2 (X 2.8“ ) X 10 cm sec and
$ -1AE^ = 19.8 + .7 kcal mole . A systematic error of 2 units in the plane
$size will affect the value of AE^ by only 1% and the value of Dq by a factor
of 1.5. It should be noted that these diffusion parameters agree quite well
18with the earlier measurements of Basset and Parsley , although the latter 
were not done with just a single atom on the (211) plane.
On the (211), the spacing along the [111], the direction of diffusion,
ois 2.74 A; taking this as the jump length 4, the experimental value of Dq
$leads to a negligible entropy of activation, AS^ ~  - 0 . 1 + 1  eu. Both in 
the dynamics of motion, as well as in the distribution of diffusion distances, 
the motion of single rhenium atoms therefore appears to proceed in an 
entirely normal fashion on the (211) plane of tungsten.
III. RHENIUM DIMERS
3 A 0 Qualitative Observations
When two rhenium atoms are evaporated, one each into adjacent channels 
of the W(211), they form a pair after sufficient equilibration. Such a 
pair, shown in Fig. 9, exists in two states, just as was found for
1T(°K)
Figure 8. Arrhenius plot for the diffusion coefficient of individual Re
atoms on the W(211)
Figure 9. Configuration of Re dimers on W(211). Hard-sphere model at left, 
field ion micrograph on right. (a) 0 state. (b) d configura­
tion of 1 state. (c) £ configuration of 1 state.
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2 20tungsten dimers on this plane. * To denote these states, we follow the 
nomenclature previously outlined, which is also summarized in Fig. 10.
In the 0 state, two atoms in neighboring channels are adjacent to 
each other; in the 1 state, one atom is displaced from the other by one 
site. Once formed, these rhenium dimers are stable up to temperatures of 
350°K; dissociation occurs only rarely, in less than 5% of the observations 
at the upper temperature limit.
The act of imaging a dimer in the field ion microscope has no apparent 
effect upon the configuration noted. Two rhenium dimers are shown in Fig. 11, 
one in the 0 state, the other in the 1 state. The second shot in each 
sequence reveals the dimers unchanged after each has been subjected to 35 
imaging cycles. We have never noted any rearrangement of dimers during 
imaging, which is always done at temperatures in the vicinity of 20°K.
By observing diffusion at such low temperatures that the likelihood
of atomic displacements during one heating interval is small, say «  1/10,
it is possible to demonstrate that the diffusion of dimers occurs in a
sequence of single atom jumps. Such a sequence of jumps is illustrated
in Fig. 12 for diffusion intervals of 20 sec duration at 263°K. In a
total of 743 diffusion intervals, 73 single atom jumps were observed;
displacement of both atoms during one interval was observed only three
times. We presume that even at higher temperatures, diffusion of
rhenium dimers generally occurs in a sequence of single atom jumps, just
2as has been inferred for tungsten dimers. This is an important matter, 
however, to which we return in Sec. III.C.3.
During a typical diffusion run, the rhenium dimers will sooner or later 
encounter the ends of the diffusion channel. Quantitative measurements of
State 0 1 1 0
Jump Rate
Center 
of Mass
State 0 1
Jump Rate b
Center
-4---
of Mass
L - i  J
4feU-
Figure 10. Schematic of dimer configurations, showing jump distances and
rate designations
Figure 11. Absence of imaging effects on Re dimers. Dimer in 1 state, 
before (a) and after (b) 35 imaging cycles, (c) and (d) 
show dimer in 0 state under the same treatment. No changes 
in dimer position are detectable.
Figure 12. Low temperature diffusion of Re dimer over W(211) during 
20 sec diffusion intervals at T = 263°K. In this 
chronological sequence, only photos showing movement are 
reproduced. Dimer displaces by making only one jump, except 
in going from (f) to (g), where atoms in top and bottom
channel both displace.
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edge effects have not been attempted; nevertheless, they are clearly more 
notable for dimers than for single rhenium atoms. The structure of the 
two ends of the [ill] channels is illustratee by a model in Fig. 13. The 
two edges of the (211) are different and it is interesting that dimer behavior 
there also appears quite distinct. On the left side, toward the (111) 
on the emitter, the dimers are caught with quite a high efficiency. On 
the right, toward the (100), capture occurs more infrequently. These 
effects merit further study, even though they do not significantly affect 
quantitative diffusion measurements.
B. Equilibrium Behavior
The relative frequency of occurrence of the two dimer states affords
an insight into the interactions between atoms on the surface. With two
adatoms on a plane at equilibrium, the probability that one will be at
21position r^ and the other at is given by
p (£i »£2-) “ p ^£i p^ (^£2^ exp " w (£i’£ 2 ^ kT> (9)
where W(r^,r^) is the potential of mean force between the two atoms and 
p(r^) is the probability of finding a single adatom on the plane at r^. We
are concerned with the probability P of finding two adatoms at a distance
X
X from each other, where X is the projection of the interatomic separation
measured along the [ill] channels, always in units of the lattice spacing
in this direction. The probability P can be obtained from Eq. (9) by
summing over all possible pairs r^,^ that give the same separation X.
For channels made up of L sites, there are (2 - 6 )(L-X) ways a pair of
X U
22sites can be arranged a distance X apart, where 6
X U
is the Kronecker
Figure 13. Detailed view of the two ends 
the atomic arrangement at the
of the [ill] channels, showing 
left and right edge of the (211).
to (111) to (100)-----►
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delta. We therefore have
px = 0(2 “ 6x o ) ( L ~x )  exp ” wx /kT ; ( 10)
here C is a normalization constant that insures that
L-l
^ P = i. (11)
0
For our particular system, the potential of mean force is just the 
increase in the Hemholtz free energy F due to the interactions between the 
adatoms. The relative frequency with which 0 and 1 states occur on a line 
of L sites is therefore given by
p
(_I) = i&r.1.) exp _ (Wi-wo)/kT = exp (S^ S ^ / k  exp - (E-E^/kT; (12)
L
all the thermodynamic quantities entering here are zero for non-interacting
adatoms. From the relative probability (P-^Pq) as a function of
L
temperatures it should therefore be possible to derive information about the 
interaction energies in these states.
Such measurements have been made at temperatures from 263 to 392°K.
These are shown in Fig. 14; only data on dimers away from the ends of the 
(211) are included, to avoid any edge effects. Dimers are found more 
frequently in the 1 than the 0 state over the entire range of temperatures. 
Even at 392°K, P^/Pq exceeds 2, the value for a random distribution.
T (°K)
Figure 14. Relative probabilities P ^ P q for states 1 and 0 of Re dimer 
on W(211)• Observed values are corrected for finite plane
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A least squares fit of the data in Fig. 14 yields 
- Eq = -0.8 + .25 kcal mole  ^and = -0.9 + .4 eu. Interactions
between the rhenium atoms are evidently different in the two states, and 
reduce the energy of dimers in the staggered configuration significantly 
below that of the straight configuration. The entropy of rhenium dimers in 
the two states is almost the same. We estimate that the vibrational modes 
contribute on the order of 10 eu for each dimer. The slightly lower value 
of the entropy for dimers in the lower energy configuration is reasonable 
both as regards sign and magnitude.
Absolute values of the thermodynamic quantities for dimers in the two 
states cannot be derived from Eq. (10), as the normalization constant C 
itself depends upon the temperature in a complicated way. However, the 
occasional dissociation noted at T = 350°K suggests an energy 
difference of w  2 kcal mole  ^between pairs and separated rhenium 
atoms.
C. Dimer Diffusion 
1, Expected Behavior
From the observations recorded so far, we expect the diffusion of rhenium 
dimers on the (211) to proceed quite differently from that of individual 
rhenium atoms. Dimers appear to move by the advance of one atom at a time, 
changing from the straight to the staggered configuration. There are thus 
two distinct jump processes important in the diffusion of dimers, compared 
to only one for a single adatom: the transformation of the 0 state into the 
1 state at a rate a, and its reverse, the change from 1 to 0, at a rate b,
20
both illustrated in Fig. 10. We represent these jump rates by
* . $O, m AS ae AE2kT a a 9 a—  exp —  exp kT va exp - “kT
$, m as; ae; ae;kT b __b b
T  exp I T  exp ' kT b * kT
(13)
(14)
The detailed relations governing diffusion by a two-step process have
£
already been worked out. Here we just wish to emphasize that in such a 
process, the diffusion coefficient is most directly related to the dispersion 
of center of mass displacements. This quantity is dependent upon the start- 
ing configuration, even on an infinite line, the specific example considered 
throughout this section. For a series starting in the 0 state, the disper­
sion of the displacements measured for the center of mass is
<(AR)2>(0) -  2 ( f Ê )  f2bt + 2 § ï b )  [1 -  6XP -  2<a+b) t ] h  (15)
when starting from state 1, however,
<(AR)2>(1) = 2 ( ^ 7  {2at -  [ l  • exp '  2 (a+b>t ^ .  (16)
Only for very long diffusion intervals, such that t »  [2(a+b)]’ ^f does the 
dispersion on an infinite line become
((AR)2> = ¡¡+btz2’ (17)
independent of origin.
The probability of finding a given dimer state is also dependent upon 
the length of the time interval. Thus the likelihood of having a dimer in
state 0 after starting in this state is
21
P<0) = [b + a exp - 2(a+b)t]/(a+b). (18)
The probability of finding state 1 having started in this state is
= [a + b exp - 2(a+b)t]/(a+b). (19)
The probabilities of observing a state different from that at the start are, 
of course, immediately found from
p(°> + p(°> = i p(l) + p d )  _ p0 *1 (20)
Only for long time intervals, such that t »  [2(a+b)] \  do these probabilities 
become independent of the length of the time interval and the previous history, 
to assume the form
(21)
always under the assumption that observations are made on an infinite line.
Provided Eq. (21) is satisfied, however, the mean square displacement 
of the center of mass can be averaged over all starting positions to give 
the simple relation
<<(AR)2>> = t l 2 = 2Dt. (22)
From the slope of an Arrhenius plot of the diffusion coefficient we 
therefore obtain an activation energy
<AE*>c m = 0>AE^ + aAE^)/(a+b) = PqAE* + P^E* . (23)
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This is an average value, which reflects the relative probability of 
the two dimer states being occupied and is, of course, temperature dependent. 
The characteristics of the individual atomic jump processes therefore cannot 
be derived from an Arrhenius analysis alone.
However, Eq. (22) can be recast in the form
<<(Ar )2>> = PQa i2t = Pxb t = 2Dt. (24)
It is clear that the jump rates a and b can be deduced directly by combining 
values of the diffusion coefficient with the observed probabilities of 
finding states 0 and 1. In the next section, we shall provide such an 
analysis, with the reminder that it must still be established that at high 
as well as low temperatures the diffusion mechanism is the same and involves 
the jump of one atom at a time.
2. Diffusion Characteristics
The overall diffusion characteristics of dimers can thus be determined, 
just like those of single adatoms, by measuring displacements as a function 
of the temperature. There is one important difference: for dimers it is the 
dispersion of the displacements for the center of mass that must be observed. 
Such measurements are summarized in Table III for rhenium dimers diffusing 
over the (211) at temperatures ranging from 263° to 351°K. Although the 
two boundaries of the (211) have been found to differ in their ability to 
capture dimers, no drift is evident from the data in Table III. The mean 
displacements do not show any consistent trends, and are zero within the
limit of errors.
Table III
Diffusion of Re Dimers on W(211)*
T(°K) d <R> <<(AR)2» N CT(N) (sec)
263 24 -.009 .015 .02 .02 .007 20
263 24 -.007 .012 .02 • o ro .006 20
263 24 .008 .015 .03 .03 .007 20
263 24 -.005 .011 .02 .02 .005 20
263 24 .02 .015 .04 .04 .01 20
278 24 -.2 .15 1.0 1.0 .3 120
278 20 -.1 .15 1.0 1.0 .2 120
290 23 -.4 .2 1.73 1.8 .6 60
290 19 .1 .3 3.96 4.4 .9 90
290 20 -.4 .2 1.13 1.2 .2 60
303 22 0.0 .3 3.15 3.4 .9 40
303 18 -.3 .3 4.25 4.8 1.3 60
303 20 .5 .4 5.50 6.2 1.4 60
'03 21 .4 .8 5.28 5.9 2.9 60
303 20 .3 .8 6.94 7.9 4.2 60
315 25 .2 .6 11.50 13.2 2.4 30
315 20 .7 .6 15.02 18.9 5.4 40
315 21 .8 .6 14.60 18.0 4.3 40
315 22 -1.1 .8 26.78 36.5 9.7 60
327 22 .9 .8 22.59 29.6 6.7 30
327 21 1.0 .8 20.99 27.6 6.2 30
327 23 1.0 .6 19.23 24.0 5.3 30
336 27 1.0 .6 31.70 41.0 8.5 20
336 26 .2 .7 28.39 36.4 6.6 20
336 22 -.7 1.7 38.22 58.1 26.9 30
336 23 1.4 1.2 48.09 77.5 25.2 30
351 29 .7 1.1 65.54 99.1 18.8 10
351 29 1.3 3.0 96.20 175.4 80.4 10
*A11 distances in units of the jump length 1
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In order to evaluate diffusion coefficients, we must still correct 
for the finite size of the planes on which diffusion is observed. This is 
a more uncertain procedure than for single adatoms. It is apparent from 
Table IV that all sites are quite uniformly populated, a precondition for 
applying Eq. (2). However, adjacent channels on the (211) need not be of 
the same length, and can differ by one or two spacings. Also, the require­
ments for capture are not clear. As illustrated in Fig. 15, dimers can be 
immobilized at the boundary if either of the two component atoms reach the 
edge. Occasionally, however, both atoms have to reach the edge for effective 
trapping. An uncertainty in the channel length therefore exists, arising from 
our ignorance of the correct boundary conditions; this amounts to one jump 
distance. All experiments on dimers have been done on planes with 
19 ^ cl ^ 294. Even at the highest temperatures, where boundary corrections 
amount to 40% of the mean square displacement, a systematic error of 2 
in d changes the diffusion coefficient by only 6%, an amount small compared 
to the statistical uncertainty arising from the finite number of observations. 
This error in d would change the activation energy by only .5% and the 
prefactor by a factor of 1.2.
From the Arrhenius plot in Fig. 16 we deduce an average activation
z  _1energy \AE of 18.0 + .3 kcal mole for dimer diffusion, and a prefactor 
Dq = 4.5 ( X  1,7” ) X 10 cm sec . Both the diffusion barrier and the 
prefactor are lower than the values found for single rhenium atoms diffusing 
on the same plane, but these differences are not large.
The two jump rates contributing to dimer motion can be found by 
making use of the observations on the relative occurrence of states 1 and 0.
Table IV
Position Distribution for Re Dimers on W(211) at 327°K
Position Occupancy
Upper Channel Lower Channel
1 11 9
2 3 11
3 7 6
4 3 3
5 4 3
6 5 3
7 2 3
8 1 1
9 1 2
10 1 1
11 4 3
12 4 4
13 3 3
14 1 -
15 2 3
16 4 4
17 3 4
18 2 1
19 1 2
20 2 1
21 3
Figure 15. Immobilization of Re dimer at left edge of (211). (a) Arrow
points to dimer in 0 state, occupying allowed sites adjacent 
to edge atoms. (b) Re atom in top channel captured at edge, 
(c) Re atom in bottom channel captured at edge. (d) £ o t h  
atoms of dimer trapped at edge.
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Figure 16. Arrhenius plot for center of mass motion of Re dimers on W(211).
Behavior of single atom is indicated for comparison by dashed
curve.
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Equation (12) for the relative probability on a line of L sites could have 
been written in the entirely equivalent form
(^1) = Lzi a _ L-l P1
V L' l b - l p 0 • (25)
Combining Eqs. (24) and (25), the diffusion coefficient for dimers therefore 
appears as
Values for one of the atomic jump rates can now be determined using the
experimental information on D and (P-j/ P q ) • Data for b are plotted in
L
Fig. 17. A least squares fit to the appropriate rate expression yields the 
activation energy and prefactor for this jump process; the corresponding 
parameters for jump process a then follow using the ratio a/b obtained 
from the occupation ratio P-j/ P q of Sec. III.B. The temperature dependence 
of a is also illustrated in Fig. 17 for comparison with b. The activation 
energy and jump frequency for the two jump processes in dimer diffusion thus 
found are:
Ae J = 17.5 + .4 kcal mole \  v = 1.1 (x 2“ 1) X 1012 sec*"1
3. a.
AE* = 18.3 + .3 kcal mole-1, = 2.5 (X 1.7-1) X 1012 sec“1 .
3. Atomic Mechanism of Diffusion
Direct observations at a low temperature, recorded in Fig. 12, suggest 
that dimers diffuse by the movement of one atom at a time. In fact, the 
number and type of displacements found there appears in good agreement with
T(°K)
Figure 17. Arrhenius plot for jump rate b, obtained by combining 
experimental data on D from Fig. 16 and P^/P^ from 
Fig. 14. Values for a are derived from the latter ratio 
once b is known.
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the formalism based on this assumption, outlined in Sec. III.C.l. and 
Appendix A. There should be 70 single displacements and 3 displacements 
^ 2 in 743 intervals of 20 sec each; 73 single and 3 double displacements 
were actually observed. We have assumed that motion occurs by the dis­
placement of one atom at a time at all temperatures, and our analyses 
have throughout been based on this mechanism of diffusion. At higher 
temperatures, however, observation of dimer configurations no longer can 
provide clues about the mechanism. This is evident from the formal 
relations for the probability of finding a dimer in a specified state on 
an infinite line, as given by Eqs. (18) and (19). For diffusion intervals 
such that t «  [2(a+b)] \
P^0) = 1 - 2at P^1) = 1 - 2bt . (27)
That is, during the diffusion interval at most one jump will occur, and it is 
the likelihood of this one jump that dictates the configuration next observed. 
These are the conditions expected for low temperatures and short diffusion 
intervals. In the opposite extreme, at high temperatures, when t »  [2(a+b)] \  
the probabilities of finding a specified dimer state are governed entirely 
by equilibrium considerations. The probabilities are independent of the 
starting conditions; they are set by Eq. (21), and give no clue of how 
dimer diffusion occurs.
The fact that there is only one basic mechanism of motion at both high 
and low temperatures can be established directly, by examining the 
probability of finding a dimer in state 0, say, at low temperatures. In 
Fig. 18, the probability Pq° \  measured at T = 263°K, is plotted in its
1.0
0.8
0.6
■>(0)
0.4
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t \
■ Curve Fitted with 
a = 6 .8(xl.l*l)x l0 "3sec_1 
b --1.2 (xl.3*1) x 10'3 sec'1 
T  = 263°K
X
I \ t
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Figure 18. Time evolution of Pq^  for Re dimers during 20 sec diffusion 
intervals at T = 263°K. Rate constants obtained by fitting 
Eq. (18) to the data.
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dependence upon the length of the diffusion interval. We expect this
probability to conform to Eq. (18), and the solid curve represents a fit
of this relation to the data, obtained by varying the rates ji and b in a
23standard non-linear regression analysis. The jump rates so obtained,
a = 6.8 ( X  l.l-1) X lo"3 sec"1 and b = 1.2 ( X  1.3-1) x l(f3 sec"1, 
are to be compared with values of
a = 5.3 ( X 5.2-1) X 10**3 sec"1 and b = 1.3 ( X  3.3-1) X 10"3 sec"1,
found by extrapolation of data on the dispersion of displacements and the 
equilibrium occupation ratios, all taken at temperatures T ^ 278°K. This 
quantitative agreement of jump rates at high temperatures with measurements 
at low temperature, at which the mechanism of diffusion is known from direct 
observation, substantiates the validity of our two-step model for dimer diffusion 
over the range of temperatures studied here.
4. Alternative Diffusion Analyses
The diffusion coefficient and the jump rates important in the movement
of rhenium dimers have all been deduced from the displacements of the center
of mass. In the past, however, analysis of cluster motion has been done in
precisely the same way as for single atoms, by noting individual atomic 
2-4displacements, in order to pick out most directly differences due to 
association. The two analyses are related, as shown in Appendix A, but 
can give quite different results.
\
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The effective activation energy (AE^)^,, derived from the logarithmic 
derivative with respect to 1/T of the dispersion of individual atomic
displacements, is obtained from Eq. (A20) as
<ae*>at = <ae*>cm + ae,,* r(2bt + 1) exp (-2bt) - 1~[ 'b L 2b t + 1 - exp - 2b t J (28)
Both for bt »  1 and for bt «  1 the second term on the right vanishes; 
the same results are then obtained from an examination of center of mass 
motion of the dimers as of individual atomic displacements. However, in 
the range bt ~  1, the two analyses may yield significantly different values 
of the activation energy. This is illustrated in Fig. 19, showing the 
activation energies (AE and (Ae ) derived from the rate constants a 
and b appropriate to Re on W(211). For measurements at temperatures around 
285°K, activation energies 20% below those for center of mass motion are 
possible when individual atomic displacements are examined. In early studies 
on Re dimers, carried out over a limited range of low temperatures and 
analyzed by noting the displacements of the component atoms, such low values of 
the activation energy, and concomitantly low values of the prefactor, were 
actually found.
For quantitative measurements of the diffusion characteristics, 
analysis of center of mass motion is obviously the preferred procedure, 
as it allows identification of the individual jump rates in dimer diffusion 
under the most general conditions. Only when the 0 state of the dimer 
predominates, so that ~ 1 and therefore also bt »  1 during any 
diffusion interval, is the analysis of individual atomic displacements 
completely equivalent to that of the center of mass.
Figure 19. Temperature dependence of activation energies for Re dimer motion 
calculated for center of mass analysis, (AE )^, and for observa­
tion of individual atomic displacements, (AE )^,. Values of bt 
are plotted on ordinate at right (keeping t at 60 sec) to 
indicate values of this parameter for which activation energies
differ.
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IV. CONCLUSIONS
As a result of the detailed measurements presented here, there emerges
a simple picture for the behavior of single rhenium atoms and of rhenium
dimers on the channeled (211) plane of tungsten. The diffusion of rhenium
adatoms appears to be quite normal; it conforms to the simplest notions
both in the dynamics of atomic migration and in the distribution of distances
covered. Just as on rhodium, a face-centered cubic metal on which atomic
motion was found to be normal over channeled planes,"* diffusion on the
(211) of tungsten, a body-centered cubic lattice, occurs in quite an ordinary
14 18 24fashion. Earlier suggestions * * to the contrary arose from interactions
between adatoms, rather than from any peculiarity of diffusion along [111] 
channels.
The behavior of dimers formed by association of rhenium atoms in 
adjacent [111] rows is more interesting. Around room temperature, the 
diffusion coefficient for dimers is significantly larger than for single 
adatoms. The effective barrier to the diffusion of dimers is almost 
2 kcal mole  ^ less than for single rhenium atoms; there are also differences 
in the prefactor, but these are minor. The dimers can occur in either of 
two states, the straight or 0 state and the staggered or 1 state. Migra­
tion across the surface occurs through the movement of one of the adatoms 
at a time. Diffusion thus involves a sequence of two different rate 
processes: a jump out of the straight configuration, to form a staggered 
dimer, is always followed by another jump in which the straight configura­
tion is restored. These two steps have been disentangled by combining two 
experimental quantities: the dispersion of displacements for the center of 
mass of dimers, and the frequency with which the two configurations occur at
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equilibrium. Although the close proximity of the two adatoms in neighboring 
channels significantly affects the barrier across which the atoms jump, 
lowering it by comparison with that for single atom motion, the dynamics 
of atomic jumps in dimers appear much the same as for isolated adatoms 
on the same plane.
For tungsten and molybdenum dimers on W(211), unusually low barriers and
2 3prefactors have previously been reported. * In these early dimer studies, 
displacements of individual atoms were measured rather than displacements 
of the center of mass, as in this study. Especially for measurements over 
a limited range of temperatures, the former analysis can yield anomalously 
low diffusion parameters. At the moment there is therefore no indication 
of any profound difference in the diffusion behavior of molybdenum and 
tungsten dimers on the one hand and rhenium dimers on the other.
Rhenium dimers do differ from other dimers observed on the W(211) in 
favoring the staggered as opposed to the straight configuration. Only for 
rhenium are quantitative measurements available for the difference in 
energy between the two states. This is small, amounting to less than 
1 kcal mole The energy difference between associated and dissociated 
rhenium atoms also is small, roughly 2 kcal mole This difference is 
significantly affected by the substrate. On W(110), for which the
o ospacing is 2.74 A, compared to 4.48 A for the 0 state on the (211),
26Bassett and Tice report that Re^ is not thermodynamically stable at 
room temperature. Most interesting, however, are the changes in the ratio
of staggered compared to straight dimers on the W(211) in the series
3 27 28 4 orhenium, molybdenum, tungsten * and iridium. At T w  280 K, the ratio
30
P^/Pq is ~  4 for rhenium dimers, 2 for molybdenum, and ~  0.4 for tungsten;
for iridium essentially all dimers are in the straight (0) state.
Quantitative data on dimer energetics are so far limited to rhenium.
However, this trend in relative populations is indicative of significant
chemical specificities in the interaction between atoms on the surface.
Even though these interactions are not very strong, they nevertheless
are important in affecting the diffusion of clusters over the surface.
The fact that iridium dimers only occur in the straight (0)
configuration is helpful; as shown in Sec. III.C.4., it means that the
4original diffusion data, obtained by analysis of individual atomic 
motions, can be compared with the present measurements on rhenium, 
obtained by a center of mass analysis. The activation energy for motion 
of iridium dimers over the W(211) was found to be 15.5 kcal mole \  
as against 12.1 kcal mole  ^ for single iridium atoms. This is opposite to 
the behavior of rhenium dimers compared to that of single rhenium atoms.
For this system we have enough information to draw a tentative picture of 
the effective potential between rhenium adatoms in adjacent rows of the 
W(211). Firm data for the energy differences between dimers and single 
atoms and for the activation energy to dimer dissociation are still needed. 
Despite that, the diagram in Fig. 20 suggests that the minimum in the 
effective rhenium potential occurs in the vicinity of the saddle separating 
the straight from the staggered configuration. It is this coincidence which
TFigure 20. Effective potential between adatoms in adjacent [ïll] rows of
W(211), based on atomic jump energies for dimers and for single 
atoms, as well as on estimates of dimer dissociation. Iridium 
data from reference 4, rhenium data from present study. Dashed 
lines indicate absence of quantitative experimental information, 
X = projection of interatomic distance along [ïll].
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brings the activation energy for dimer diffusion below that for single 
rhenium atoms. In contrast, for iridium dimers, the potential minimum 
occurs close to the 0 state, raising the activation energy for dimers 
above that for single iridium atoms.
Although further quantitative studies are obviously needed, it already 
appears that measurements of diffusion are capable of providing detailed 
information about atomic forces at the surface. In the future, it will be 
of interest to explore quantitatively the extent to which the behavior of 
higher clusters, such as trimers, conforms to the picture developed here 
from the examination of dimers and monomers.
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APPENDIX A: CENTER OF MASS MOTION AND INDIVIDUAL ATOMIC DISPLACEMENTS OF DIMERS
In establishing a connection between the displacements 6y of individual 
atoms in a dimer, and those of the center of mass 6x, we distinguish the 
transitions between dimers shown in Fig. 21. It is clear from the last 
four examples that the configuration of dimers in state 1 must be known 
in order to determine the displacement of the individual atoms, even 
though this distinction plays no role in center of mass motion. We 
therefore separate dimers in state 1 into d and £ configurations, illustrated 
in Fig. 21. The mean overall displacement is equal to zero; instead of
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Figure 21. Relation between center of mass transitions and atomic 
displacements in 1-dimensional motion of a dimer.
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dealing with the dispersion, we therefore only need the mean square displace­
ments. For individual atoms, these are now immediately accessible in terms 
of the c.m. values. They are recorded in Table V; there the unit of distance 
is, as always, the jump length i9 and averages are taken over all states of 
the type indicated by the subscript. The mean square atomic displacement, 
starting from a dimer in a 0 state, is obtained by summing the contributions 
from the three final states possible:
in state i after starting in state z. The mean square atomic displacement 
starting from a 1 state is derived in a similar way, keeping in mind the 
fact that £ and d configurations are equally likely as starting points:
(Al)
( z)just as in Sec, III.C.l, denotes the probability of finding a dimer
(A2)
From the symmetry of d and £ configurations it follows that
(A3)
(A4)
(A5)
(A6)
Table V
Displacement of Center of Mass and of Individual Atoms*
Transition Atomic Displacement
00
6y
6x
Od 6x + 1 / 2
Os 6x + 1 / 2
dO 6x + 1 / 2
sO 6x + 1 / 2
dd 6x
ss 6x
ds 6x + 1
sd 6x + 1
Mean Square Displacement of Atoms
<(«y)2>
<(6k )2>(°)
<(5x)2><0) + p<0)/4
< ( 6 x ) 2 > ( 0 )  +  P(0)/4 s s
((Sx)2) ^  + Pgd)/4
((6x )2)qS> + PqS}/4
<(6x)2)(d>
<(6x)2><s)
<(6x)2><d> + P<d>v s s
< ( 6 x ) 2 ) ( S > + P < S>
*Unit of length = i
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The final relations between the mean square displacement of the center of 
mass and of the individual atoms in a dimer are therefore
starting from Kolmogorov's equation, following the steps outlined in
reference 6 . In distinguishing two configurations of state 1, however, we
must keep in mind that now the jump of a dimer out of a 0 state and into a
specified d or s state to the right of its original position occurs at the
rate a/2 ; the rate at which the 0 state is restored, in the reverse transi
( 2 )tion, remains b. The differential equation governing the change in Pq y 
is therefore
<(ôy)2>(0) = < ( 6 x ) 2 > ( 0 )  + P^0)/4 (A7)
(A8 )
fz)The probabilities P^ ' entering Eqs. (A7) and (A8 ) can be found by
(A9)dt
This is just Eq. (16) of reference 6 , and leads to the expressions
Pq^  = [b + a exp - 2 (a+b)t]/(a+b)
P ^  = PqS) = b[ 1 - exp - 2 (a+b)t]/(a+b) = P ^
(A10)
(All)
(z)The probability P^ is governed by the relation
(A12)
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f 2 )We already know the values of PJ these can be inserted in Eq. (A12) 
to yield
P^0) = a[1 - exp - 2(a+b)t]/[2(a+b)] = P<0)/2 (A13)
P ^ ^  = [a + b exp - 2(a+b)t]/[2(a+b)] + ^ exp - 2bt (A14)
= [a + b exp - 2(a+b)t] / [2(a+b>] - ~ exp - 2bt • (A15)
In the same way values of Pv ' can be found, to confirm relations 
(A3) - (A6 ) previously deduced from symmetry alone. Inasmuch as
(P(1 ) ♦  - * (P(d) + p(s) + P (d ) + P ( s ) ),s / *
it follows immediately that
(A16)
P ^  = Ca + b exp - 2 (a+b)t]/(a+b), (A17)
in accord with previous results.
Explicit expressions for the mean square atomic displacements are now
( z )obtained by substituting for P£ ' in Eqs. (A7) and (A8 ):
<(fiy)2) ^  = ((6x)2)^0  ^+ a[l - exp - 2(a+b)t]/[4(a+b)] (A18)
= ((Sx)2)^1  ^+ b[l - exp - 2(a+b)t]/[4(a+b)]
+ [a + b exp - 2(a+b)t]/[2 (a+b)] - ~ exp - 2bt. (A19)
The primary quantity of interest is the mean square displacement of the 
individual atoms, averaged over all initial states of the dimers.
f
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Assuming that the dimers conform to an equilibrium distribution, with 
initial probabilities given by Eq. (21), we find
« ( 6y)2»  = ¿ 5- <(6y)2>(0) + <(^y)2>(1)
= (((6x)^)) + a(l - exp - 2bt)/2 (a+b)
= (((6x)2»[l + (1 - exp - 2bt)/2bt] . (A20)
For analysis of the atomic jump processes, Eq. (A20) can be recast in the 
equivalent form
<<(6y)2>> = aPQt[l + (1 - exp - 2bt)/2bt] = bP^ttl + (1 - exp - 2bt)/2bt] . (A21)
It is important to note that in the limit of long time intervals, such that 
bt »  1 , the mean square displacement of the individual atoms becomes equal to 
that of the center of mass. In the opposite extreme of very short time 
intervals, for which bt «  1 ,
<<(6y)2»  = 2<<(6x)2» .  (A22)
\
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